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To avoid the use of compounds that burden the environment, a solvent-free enzy-
matic reaction was the focus of this study. Investigated were the catalytic activities and 
kinetics of lipases that were pretreated with carboxylic acids for the solvent-free esterifi-
cation of propionic acid with isoamyl alcohol. The enhancements of the esterification 
yields and rates by the bio-imprinting effects of carboxylic acids were observed. We 
found no inhibition of isoamyl alcohol on the solvent-free enzymatic esterification, and 
obtained a large imprinting effect under a largely excessive amount of isoamyl alcohol to 
propionic acid. From the kinetic analysis, the imprinting of lipases mainly enhanced the 
catalytic reaction rate constant rather than the affinity between lipase and propionic acid 
compared with untreated lipase. The bio-imprinting treatment of lipase is found to be 
very effective for the yield and kinetics in solvent-free esterification.
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Introduction
Lipases have been used in various applications, 
such as industrial biotransformation, diagnostic and 
medical processes. For practical application, lipases 
should be stable and catalytically active under pro-
cess conditions, such as varying pH, ionic strength, 
and presence of organic solvent. Lipases have been 
frequently used in organic media, since their sub-
strates and products are water-insoluble. However, 
organic solvents are generally harmful and not envi-
ronmentally benign. Moreover, most water-soluble 
organic solvents impair enzymatic activity. In this 
context, a solvent-free enzymatic reaction (oily sub-
strates themselves work as a reaction media without 
an additional organic solvent) has been studied1,2 
because of the following advantages: (1) substrate 
concentration can be maximized, (2) harmful organ-
ic solvents can be avoided, and (3) load on down-
stream processing can be suppressed2.
Many techniques have been developed for en-
hancing the catalytic activity of enzymes in organic 
media. One enhancement of enzymatic activity in 
organic media is the additive approach3. Although 
this method is simple, the product must be separat-
ed from the additive. Other methods include the 
pretreatment of an enzyme before using it in an or-
ganic medium. This method has some advantages 
that its preparation is easy and no additives are re-
quired in the reaction system. One pretreatment for 
rate enhancement is the bio-imprinting method. 
This method includes the lyophilization of an en-
zyme loaded with a substrate analogue to form a 
complex that resembles an enzyme-substrate com-
plex in the aqueous solution and removes the sub-
strate analogue4. The treated enzyme retains the 
structure of the substrate analogues in the reaction 
medium. Moreover, when lipases were used as the 
enzyme, they had two conformational states, closed 
(inactive) and open (active). The active sites of li-
pases in the aqueous solution are covered by a flex-
ible region (lid) of lipase. Interfacial activation by 
the organic solvent causes opening of the lid to 
make the active site accessible9.
Recently, an increase in the esterification and 
transesterification activities has been reported with 
an immobilized lipase that was bio-imprinted with 
carboxylic acids5–8. However, only a few examples 
of bio-imprinted lipases have been found in sol-
vent-free transesterification9 and interesterifica-
tion10. In previous papers, bio-imprinting was quali-
tatively effective in a solvent-free medium as well 
as in a reaction medium diluted by organic solvents, 
and there are few kinetic studies for bio-imprinted 
lipase-catalyzed reaction.
In the present work, a quantitative analysis of a 
solvent-free esterification catalyzed by a bio-im-
printed lipase was carried out to clarify the kinetic 
aspect of rate enhancement.
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Materials and methods
Materials
Lipase from Candida rugosa (Sigma Aldrich 
L1754, specific activity of 704 olive oil units/mg) 
was used throughout the experiments. All the re-
maining reagents were of analytical grade and used 
without further purification. Carboxylic acids, hex-
anoic, octanoic, decanoic, and dodecanoic acids 
were used for treating the lipase.
Preparation of bio-imprinted lipase
A bio-imprinted lipase was prepared as fol-
lows: 300 mg of lipase were dissolved in 9 cm3 of a 
phosphate buffer solution (10 mmol dm–3) at pH 
6.5. Carboxylic acid (3.5 mmol) and Tween 20 
(1000 mg) were dissolved in 10 cm3 of ethanol. One 
cm3 of carboxylic acid solution was added to the 
enzyme solution. The mixed solution was then incu-
bated for 20 min at room temperature (≈ 25 °C), 
and freeze-dried. The obtained powder was washed 
with hexane (100 mL) to remove the acid. The re-
sultant lipase was filtered and dried in vacuo. As a 
control, we prepared the lipase, which was pretreat-
ed without carboxylic acid.
Esterification
To examine the bio-imprinting effect of the al-
kyl chain length of carboxylic acids as substrate an-
alogues, lauric acid and benzyl alcohol were used as 
substrates for the esterification. The reactions were 
initiated by adding 1 mg of lipase powder that was 
pretreated by carboxylic acids into 1 mL of a toluene 
solution containing both substrates (30 mmol dm–3 
lauric acid and 30 mmol dm–3 benzyl alcohol) in a 
vial at 37 °C and 1000 rpm. After 30 min, the vial 
tubes were removed from the thermomixer (Com-
fort, Eppendorf), and immediately centrifuged for 3 
min at 10000 rpm. The benzyl laurate concentration 
in the supernatant was measured using HPLC.
Solvent-free esterification
Propionic acid and isoamyl alcohol were used 
as substrates for solvent-free esterification because 
lipase was actively inhibited by benzyl alcohol11. 
The reactions were initiated by adding 25 mg of the 
lipase powder that was pretreated by octanoic acid 
into 0.25 mL of a mixture containing both substrates 
(propionic acid and isoamyl alcohol) without sol-
vent in a vial tube at 37 °C and 1400 rpm. At vari-
ous intervals within 24 h, the vial tubes were re-
moved from the thermomixer, and immediately 
centrifuged for 3 min at 10000 rpm. Ethanol (0.9 
mL) was added to the supernatant (0.1 mL) to stop 
the reaction. Its extent was monitored by measuring 
the isoamyl propionate concentration using HPLC. 
The reaction rates were evaluated as the initial rate 
in the initial period (5 h). The values obtained were 
averaged over three measurements. The esterifica-
tion reaction used in this study is presented in 
Scheme 1. For kinetic study, propionic acid (its 
concentration 25 ~ 1600 mmol dm–3) was dissolved 
in isoamyl alcohol.
Analysis
The standard benzyl laurate and isoamyl propi-
onate solutions were used for preparing the calibra-
tion curves. The concentrations of the benzyl laura-
te and the isoamyl propionate in the organic 
solutions were determined by HPLC (Shimadzu 
LC-10ADvp) with a Wakosil-II 5C18AR column 
and an eluent solution (ethanol: methanol:water = 
15:5:3 for the esterification, and methanol:water = 
5:5 for the solvent-free esterification) as a mobile 
phase (0.2 mL min–1 for the esterification, and 1.0 
mL min–1 for the solvent-free esterification). Esters 
were detected with an UV detector (255 nm for the 
esterification, and 212 nm for the solvent-free ester-
ification, Shimadzu SPD10AV).
Results and discussion
Effect of alkyl chain length of carboxylic acids as 
substrate analogues on esterification
Prior to the solvent-free esterification catalyzed 
by imprinted lipase, examined was the effect of the 
imprinting molecules on the esterification of lauric 
acid with benzyl alcohol diluted in toluene. Fig. 1 
shows the concentration of benzyl laurate produced 
at 30 min with various lipases (untreated, control, 
and carboxylic acid pretreated). When cyclohexane 
was used as a diluent, very similar results were ob-
tained (data not shown). Although activity of the 
control lipase was lower than that of the untreated 
lipase, the activities of the pretreated lipase with 
carboxylic acids were much higher than that of the 
S c h e m e  1  – Esterification reaction to form isoamyl propionate from propionic acid and isoamyl alcohol
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control lipase, suggesting that pretreatment of the 
carboxylic acids is effective for esterification. 
Among the carboxylic acids, the highest activity 
was obtained with lipase that was pretreated by oc-
tanoic acid as a substrate analogue. This suggests 
that the preferable conformational change of lipase 
for binding with lauric acid is initially induced by 
octanoic acid and its conformation is kept after re-
moving the octanoic acid in a process that is called 
bio-imprinting4. The enhancement of lipase activity 
by bio-imprinting has been also explained by the 
interfacial activation mechanism5,7,8. Contact with 
the hydrophobic substrate such as octanoic acid 
causes the lid opening to make the active site acces-
sible. The highest activity of octanoic acid was con-
sidered to be caused by the balance between the 
cavity size in lipase and the hydrophobicity of car-
boxylic acid. In the following experiments, octanoic 
acid was used as an imprinting molecule.
Solvent-free esterification
Because of the strong inhibition effect of ben-
zyl alcohol on the enzymatic reaction11, esterifica-
tion of propionic acid with isoamyl alcohol was se-
lected as a model reaction system. Fig. 2 shows 
solvent-free esterification with various lipases (un-
treated, control, and imprinted) at a molar ratio of 
isoamyl alcohol to propionic acid = 3 after 24 h. 
Similar results were obtained with other molar ra-
tios. Esterification yield with imprinting lipase is 
evidently much higher than those of the control and 
untreated lipases, suggesting that the imprinting 
treatment to lipase is also effective for solvent-free 
esterification. In solvent-free transesterification of 
1-butyl caprylate and 1-hexanol9, activation factor 
of reaction rate spanned from 2.1 to 117.5 depend-
ing on lipase source. The activation factor of this 
system is within this range.
In a solvent-free esterification of ethyl hexa-
noate2, substrate inhibition was observed. To clarify 
the inhibiting and denaturation effects of isoamyl 
alcohol, the effect of the molar ratio (isoamyl alco-
hol/propionic acid) on the conversion of the propi-
onic acid was examined at 24 h (Fig. 3). The in-
crease in the isoamyl alcohol concentration caused 
a significant imprinting effect, and no negative ef-
fect of isoamyl alcohol on the solvent-free enzymat-
ic esterification was observed. Because the large 
imprinting effect was obtained in a huge amount of 
excess isoamyl alcohol, the effect of propionic acid 
concentration on the initial esterification rates was 
examined under this condition (Fig. 4). Generally, 
lipase catalytic reaction is believed to obey Ping-
Pong Bi-Bi mechanism15. Initial esterification rate, 
rp, under a larger excess of isoamyl alcohol over 
propionic acid was approximated by the following 
equation;
F i g .  1  – Effect of alkyl chain length of carboxylic acids as 
bio-imprinting molecule on esterification in toluene
F i g .  2  – Effect of lipase imprinting on solvent-free esterifica-
tion (molar ratio of isoamyl alcohol to propionic acid = 3, es-
ter concentrations are at 24 h)
F i g .  3  – Effect of molar ratio to conversion of propionic acid 
to isoamyl propionate with untreated and imprinted lipases
Untreated Control   C6       C8      C10      C12
Bio-imprinting molecule
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(1)
where [S] is the initial concentration of the propion-
ic acid, and rp,max and Km are respectively the appar-
ent maximum rate and the Michaelis constant. The 
kinetic parameters were determined by a non-linear 
regression program included in the Sigmaplot 14 
software. The solid lines in Fig. 4 were calculated 
by these kinetic parameters. The calculated lines 
agree well with the experimental results.
The values of the parameters obtained for the 
untreated and imprinted lipases are listed in Table 1. 
Here, the decrease in the Km values by the imprint-
ing treatment means the increase in the affinity be-
tween the propionic acid and the lipase, suggesting 
that the conformational changes of catalytic site and 
lid are initially induced by octanoic acid, and this 
lid-open conformation was retained after removing 
the octanoic acid4. However, the difference in the 
Km values was not very large and the contribution of 
the increase in the maximum rates by the imprinting 
treatment is large. Generally, hydrophilic organic 
solvent appeared to strip water off the enzyme and 
inactivate the enzymatic activity12. Since isoamyl 
alcohol is relatively hydrophilic (log P = 1.42), the 
imprinting treatment may affect prevention of water 
stripping. Previous studies13,14 show few results of 
the kinetic parameters of enzymatic solvent-free es-
terification. A detailed analysis of the parameters is 
needed for an optimum process design.
Conclusions
The catalytic activities of lipases pretreated 
with carboxylic acids were investigated for the sol-
vent-free esterification of propionic acid with iso-
amyl alcohol, and the enhancements of its yields 
and rates by bio-imprinting effects of substrate ana-
logues were observed. These effects were caused by 
the conformational changes of catalytic site and lid 
induced by octanoic acid. No inhibition of isoamyl 
alcohol on solvent-free enzymatic esterification was 
observed, and a large imprinting effect was obtained 
under a largely excessive amount of isoamyl alco-
hol to propionic acid. From the kinetic parameter 
analysis, it was found that the imprinting of lipase 
mainly enhanced the catalytic reaction rate constant 
rather than the affinity between the lipase and pro-
pionic acid compared with that of the untreated li-
pase. Bio-imprinting treatment of lipase is very ef-
fective for the yield and kinetics in the solvent-free 
esterification.
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